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This talk reviews the latest measurements of the proton, Pomeron and photon structure functions. These
measurements, especially at low x and/or low Q2 lead to new insight into the picture of hadronic interactions.
1 Introduction
One of the big challenges within Quantum Chro-
modynamics (QCD) as the theory of strong in-
teractions is the understanding of its role in de-
scribing the approach to the non-perturbative, soft
interactions, at least at a qualitative level if not
quantitative.
The soft hadron-hadron interactions are well
described by the Regge phenomenology in which
the interaction is viewed as due to exchanges of
Regge poles. The Regge poles can be classified
into different families according to their quantum
numbers. The Regge poles with quantum num-
bers of mesons form linear trajectories in the m2, l
plane, where m is the mass of the meson and l its
spin. The continuation of a trajectory to negative
values of m2 leads to a parameterization in terms
of t, the square of the four momentum transfer, as
follows:
α(t) = α0 + α
′ · t , (1)
where α0 is the intercept and α
′ is the slope of the
trajectory. Among all possible families of Regge
poles there is a special one, with the quantum
numbers of the vacuum, called the Pomeron (IP )
trajectory. There are no known bound states lying
on this trajectory (glueballs would be expected to
form this trajectory) and its parameters have been
determined experimentally 1,2,3,4
αIP = 1.08 + 0.25t . (2)
In Regge theory the energy dependence of total
and elastic cross sections is derived from the an-
alytic structure of the hadronic amplitudes. In
the limit s≫ −t, where s is the square of the cen-
ter of mass energy of the scattering, the amplitude
for elastic scattering has the form A(s, t) ∼ sαIP (t).
The Pomeron trajectory also provides the leading
contribution to the high energy behavior of the
total cross section,
σtot = s
−1ImA(s, t = 0) ∝ sαIP (0)−1 (3)
The s dependence of hadronic interactions ful-
fills this behavior independently of the interacting
particles,4,5 as expected from the universality of
the exchanged trajectories.
The deep inelastic charged lepton-proton in-
teractions at low momentum transfers can be
viewed as due to virtual photon proton interac-
tions, γ∗p, with the flux of photons originating
from the incoming lepton. The F2 structure func-
tion of the proton is related to the total absorption
cross section σtot(γ
∗p),
F2(x,Q
2) ≃
Q2(1− x)
4pi2α
σtot(γ
∗p) , (4)
where x and Q2 are the Bjorken scaling variable
and the negative of the mass square of the virtual
photon respectively. In deep inelastic scattering
(DIS) the kinematical region which corresponds
to the Regge limit is that of low x at fixed Q2 due
to the relation,
x =
Q2
W 2 +Q2 −m2p
, (5)
where W denotes the center of mass energy of the
γ∗p system and mp the mass of the proton. For
large Q2, DIS can be analyzed in the framework of
perturbative QCD based on the factorization theo-
rem, the ensuing QCD evolution equations and the
quark-parton model description of the hadrons.
The transition between the perturbative regime
and the non-perturbative regime may provide an
understanding of the soft interactions in the lan-
guage of QCD and establish whether the Regge
model can be justified from first principles.
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The first step in this direction has been made
with the measurements of the electromagnetic pro-
ton structure function F2 which cover now a range
in Q2 from 10−1 to 104 GeV2 and in x from 10−6
to about 1. The first evidence for soft like inter-
actions at large Q2 came with the appearance of
events with a large rapidity gap in the hadronic fi-
nal state in low x interactions at HERA.6,7 These
events, when interpreted in terms of Pomeron ex-
change, allow a first glance at the partonic struc-
ture of this fundamental ingredient of the Regge
approach. Last but not least the combined data
from HERA and LEP start exploring the structure
of the photon in the low x region.
2 The structure functions of the proton
2.1 F2
The most precise measurements of the proton
structure function with the widest coverage of
the phase space come from electro and muo-
production. At this conference new measurements
of the F2 proton structure function have been pre-
sented by the NMC,8 H1 9 and ZEUS 10 experi-
ments. The existing coverage of the phase space
in 1/x and Q2 is summarized in figure 1. Also
included are the previous measurements of the
SLAC,11 BCDMS 12,13 and E665 14 experiments.
Figure 1: Phase space coverage of the F2 measurements.
One of the striking properties of F2 is that
it rises strongly with decreasing x, contrary to
expectations based on the Regge approach and
in line with the properties of the QCD evolution
equations.15,16 This is shown in figure 2 where the
recent ZEUS measurements 10 are compared with
some of the existing parameterizations of F2 down
to Q2 = 1.5 GeV2.
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Figure 2:
An example of the x dependence of F2 at low x
as measured by the ZEUS experiment. Also
shown are selected parameterizations of parton
distributions as denoted on the figure 17,18,19 and
the NLO QCD fit performed by ZEUS.
Since, as has been measured at HERA,20,21
the total photoproduction cross section is known
to increase only slowly with energy, the ques-
tion which remained opened till this conference
was to establish at which value of Q2 the struc-
ture function stops rising with decreasing x. New
data were presented by the ZEUS Collaboration22
based on measurements performed with the Beam
Pipe Calorimeter which covers the range 0.16 <
Q2<0.65 GeV2. The new measurements of H1 23
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from a special run covering the range 0.35<Q2<
3.5 GeV2 close the remaining gap in Q2. As seen in
figure 3, up to Q2 ∼ 0.85 GeV2 the data favor pa-
rameterizations which are based on the dominance
of soft interactions in this region such as the one of
Donnachie and Landshoff24 or the CKMT25 one in
which, due to screening corrections, the effective
intercept of the bare Pomeron is Q2 dependent.
For larger Q2 values, Q2 ≥ 1.2 GeV2, the GRV 18
and BK 26 parameterizations, perceived in this re-
gion as representative of the solution of the NLO
DGLAP QCD evolution equations,27,28,29 give a
very good description of the data.
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Figure 3:
Preliminary measurements of the proton
structure function F2(x,Q
2) at low Q2 by the H1
and ZEUS experiments together with results
from the E665 experiment compared to model
predictions as explained in the text.
The behavior of F2 as a function of Q
2 for
selected values of x is presented in figure 4. The
structure function F2 rises strongly with Q
2 for
x<0.01, over three decades in Q2 in some regions
of x where the data are available. With the new
data the gap between the fixed target experiments
and the HERA experiments has been filled and a
good agreement in the overlap region is observed.
2.2 Structure functions and perturbative QCD
In perturbative QCD the electromagnetic struc-
ture function F2 is represented as a convolution of
the parton distributions and coefficient functions
C(x,Q2) proportional to the effective γ∗-parton
couplings,
1
x
F2(x,Q
2) =
nf∑
i=1
e2iCi(x,Q
2)⊗ (q + q¯)(x,Q2)
+ Cg(x,Q
2)⊗ g(x,Q2) , (6)
where q denotes quarks of charge ei and g gluons,
⊗ stands for a convolution integral and nf is the
number of contributing flavors. The parton dis-
tributions evolve with Q2 following the DGLAP
equations,
∂
∂ lnQ2
(
q
g
)
=
αs(Q
2)
2pi
[
Pqq Pqg
Pgq Pgg
]
⊗
(
q
g
)
,
(7)
where αs denotes the strong coupling constant.
Given a specific factorization and renormalization
scheme, the coefficient functions Ci and splitting
functions Pij are obtained in QCD by perturbative
expansion. In particular
Pij(x,Q
2) =
αs
2pi
P
(1)
ij (x) +
(αs
2pi
)2
P
(2)
ij (x) + . . . .
(8)
The truncation after the first two terms in the
expansion defines the conventional NLO DGLAP
evolution. This evolution assumes that the domi-
nant contribution to the DIS cross section comes
from parton cascades in which partons from subse-
quent emissions are strongly ordered in transverse
momenta kt, the largest corresponding to the par-
ton interacting with the probe.
At low x higher-loop contributions to the
splitting functions are enhanced,
P
(n)
ij ∼
1
x
ln(n−1) x . (9)
The presence of these terms may spoil the con-
vergence of (8). The evolution equation which al-
lows the resummation of leading (αs lnx)
n con-
tributions and which describes parton radia-
tion without kt ordering is known under the
name BFKL.30,31,32 In the parton cascade picture
this contribution corresponds roughly to cascades
which develop from a large kt ∼ Q parton emit-
ted at large x and the rest of the evolution takes
3
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Figure 4: Compilation of measurements of F2 as a function of Q2 for selected values of x as denoted on the figure. The
numbers in parenthesis are the scaling factors by which the value of F2 has been multiplied in the plot. The overlayed
curves are the result of an NLO QCD fit performed by the H1 experiment.
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place only in x. The two approaches, the DGLAP
and the BFKL one are embodied in the CCFM
equation,33,34,35 based on the kt factorization and
angular ordering.
The solutions of the DGLAP equations and
of the BFKL equation, in the limit of very low
x, where the dominant contribution to the cross
section is driven by gluon radiation, predict a rise
of F2 with decreasing x,
FDLL2 (x,Q
2) ∼ exp
(
2
√
CAαs
pi
ln
1
x
ln
Q2
Q20
)
,
(10)
FBFKL2 (x,Q
2) ∼
√
Q2
Q20
x−
4CAαs
pi
ln 2 (11)
where the superscript DLL stands for the double
leading logarithmic approximation used in solving
the DGLAP equation and Q20 denotes the start-
ing scale of the evolution. In general the BFKL
equation predicts a faster increase of F2 with de-
creasing x and stronger scaling violations in Q2
as compared to the DGLAP evolution. However
the solution (11) is derived assuming a constant
αs and higher order corrections are expected to
tame the rise with 1/x.36 In the BFKL approach
the concept of a QCD Pomeron arises naturally.
The confrontation of the various approaches
with the data requires assumptions on the in-
put parton distributions which cannot be derived
from first principles. The solution of the NLO
DGLAP evolution equations with input parton
distributions fitted to the data has been widely
explored 18,19,37,38,39,40 and gives a very good de-
scription of the data, down to amazingly low val-
ues of Q2. An example is shown in figure 4
where the NLO parameterization of F2 obtained
by H1 9 is presented. The data were fitted for
Q2 > 7 GeV2 and evolved backwards down to
Q2 = 1 GeV2.
A byproduct of the NLO DGLAP fits to the
data is the NLO gluon distribution in the proton.
If the value of αs is known the gluon distribu-
tion at low x is constrained by the logarithmic
slope of F2 in Q
2. The gluon distributions ob-
tained at Q2 = 20 GeV2 by the respective exper-
imental groups, which can handle best the corre-
lated systematic errors, are presented in figure 5.
Also shown for comparison are the results obtained
earlier with smaller statistics. The improvement
is evident. One may be led to conclude that,
H1 1994
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Figure 5:
Gluon distribution in the proton as determined
from NLO QCD fits to the F2 data.
since the data are perfectly described by the NLO
DGLAP, there is no evidence for new QCD dy-
namics at low x. However one should keep in mind
that a set of equations based only on F2 measure-
ments is under-constrained. This is because, while
F2 is directly proportional to the quark distribu-
tions (see equation (6)),
∂F2
∂ lnQ2
∝ Pgg ⊗ g , (12)
and the gluon distribution is reliable only to the
extent to which Pgg is known. Ways of constrain-
ing the system are to measure either the longi-
tudinal structure function FL and/or the charm
contribution to F2 .
41,42,43
2.3 FL
The lack of knowledge of FL limits the experimen-
tal accuracy with which F2 can be determined.
The relation between the measured electromag-
netic differential DIS cross section and the F2 and
FL structure functions is the following:
d2σ
dxdQ2
=
2piα2
xQ4
[(
1 + (1− y)2
)
F2 − y
2FL
]
.
(13)
At low x, that is high y, the contribution of FL is
non-negligible and cannot be ignored. The usual
5
procedure adopted experimentally is to use, in the
region of moderate x, the parameterization of the
ratio R ≈ FL/(F2 − FL) based on the dedicated
SLAC measurements44 and, at low x, the QCD ex-
pectations based on existing parton distributions.
Figure 6:
Measurements of R as a function of x in bins of
Q2, compared to the SLAC (full line), QCD NLO
MRS(R1) (dotted line) and Bade lek et al.
(dashed line) parameterizations.
The experimental determination of R =
σL(γ
∗p)/σT (γ
∗p), where L, T stand for the lon-
gitudinal and transverse polarization of the vir-
tual photon, requires the measurement of the dif-
ferential cross section (13) at different center of
mass energies and fixed x, Q2. New measure-
ments of R have been presented at this confer-
ence by the NMC Collaboration 8 which has used
muo-production data taken at four different muon
beam momenta ranging from 90 to 280 GeV. Pre-
liminary results have been also presented by the
CCFR Collaboration 45,46 based on
(−)
ν Fe in the
neutrino energy range from 10 to 350 GeV. The
new measurements extend the range of x down
to x ∼ 10−3 at the lowest Q2 ∼ 1.5 GeV2. The
compilation of all existing data is presented in fig-
ure 6. The measurements are compared to three
different parameterizations, the SLAC one,44 the
new parameterization of Bade lek at al.47 presented
at this conference and to the QCD expectations
based on the new MRS(R1) parameterization of
parton distributions.38 As can been seen from this
comparison all of them reproduce the data fairly
well, although they may differ up to 50% at low x.
In order to constrain the value of FL in the low
x regime explored at HERA, the H1 Collaboration
determined FL assuming that the NLO DGLAP
evolution holds.23 The parameterization of F2 was
obtained using only the data for y < 0.35, where
the contribution of FL is small (see formula (13)).
The difference between the value of F2 expected
from this parameterization at larger y and the
one determined from the cross section assuming
FL = 0 is then used to determine the required
FL. The results of this procedure are shown in
figure 7. Also shown are the expectations for FL
obtained from the same QCD fit and assuming
that FL = F2. Within errors there is a consis-
tency between the values obtained from the pro-
cedure above and the QCD fit, again pointing to
the fact that the NLO QCD evolution is describing
the data very well.
0
0.5
1
1.5
2
10 -4 10 -3x
FL H1 preliminary
FL=F2
fit
FL=0
FL = 0.54 ± 0.03 ± 0.22
10 Q2 /GeV2
Figure 7:
FL as a function of x (and Q
2) as determined by
the H1 experiment. The full line closest to the
data corresponds to NLO QCD expectations.
2.4 F cc¯2
The measurement of charm production is of ut-
most importance. The perturbative QCD calcula-
tions involving heavy quarks are most reliable due
to the large masses involved. It may turn out that
charm production cross sections will provide the
best constraint on the gluon distribution in the
6
proton.48 Experimentally though, large integrated
luminosities are needed because of the low tagging
efficiency of charm in the final state.
The first glance at the charm production prop-
erties in DIS have been presented by the H123 and
ZEUS 49 experiments, based on statistics of the
order of 100 events or so. Experimentally charm
production was tagged by reconstructing the D0
(H1) or the D∗ (H1 and ZEUS) mesons and their
charge conjugates. The signal of D0 → Kpi decay
as seen in the H1 detector is presented in figure 8.
The D∗ decays are identified by the decay chain
Figure 8:
The invariant mass spectrum of Kpi as seen in
the H1 detector.
D∗ → D0pi → Kpipi, taking advantage of the tight
kinematic constraint imposed by the small mass
difference ∆M = mD∗−mD0 = 145.5±0.15 MeV.
As an example the signal observed in the ∆M dis-
tribution in the ZEUS analysis is shown in figure 9.
The dominant mechanism of charm produc-
tion in DIS at HERA energies is the boson-gluon
fusion process. Indeed the AROMA 50 MC based
on the boson gluon fusion mechanism is found to
reproduce properly the shapes of the transverse
momentum and pseudorapidity of the D mesons
as well as the overall W and Q2 dependence. An
upper limit of 5% for a possible contribution of the
charm sea has been estimated by the H1 experi-
ment.
The ZEUS experiment finds that also the ab-
solute value of the measured cross section is well
reproduced by the boson gluon fusion mechanism
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Figure 9:
The ∆M = m(Kpipis)−m(Kpi) distribution for
m(Kpi) in the D0 signal region, where pis denotes
the softest pion.
calculated to LO, if the appropriate GRV gluon
distribution 18 is used in the simulation and if the
mass of the charm quark is kept within the limits
1.35 ≤ mc ≤ 1.5 GeV.
Figure 10:
F cc¯2 as measured by the H1 experiment. The
curves correspond to various QCD parton
parameterizations. The shaded area is the
expectation based on the H1 NLO QCD fit.
The charm production cross section measured
by the H1 experiment is found to be larger than
expected from NLO calculations for any known
gluon distributions. This can partly be seen in
figure 10 where the F cc¯2 as determined by H1 is
compared to NLO QCD expectations.
Comparison of the H1 results with the EMC51
data reveals a steep rise of F cc¯2 from x ∼ 0.1 to
10−3 < x < 10−2. Averaged over the measured
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kinematic range of H1 a ratio 〈F cc¯2 /F2〉 = 0.237±
0.021+0.043
−0.039 is obtained, one order of magnitude
larger than at larger x.
2.5 αs from DIS
An important ingredient of the perturbative QCD
analysis of the F2 structure function is the value
of αs(M
2
Z) assumed in the fits. The CCFR Col-
laboration has presented preliminary results from
their study of
(−)
ν Fe interactions.45 The evolution
of the xF3 structure function allows a direct deter-
mination of αs. The preliminary value presented
at this conference is αs(M
2
Z) = 0.118 ± 0.007 to
be compared with 0.113± 0.005 previously deter-
mined from a combined fit to the SLAC/BCDMS
F2 evolution
52 and 0.122± 0.004 from the global
LEP fit to the electroweak data.53 The good news
is that now the value of αs determined from the
DIS and the LEP data are in good agreement.
2.6 Conclusions
The structure function of the proton F2 is found to
be rising with decreasing x down to Q2 as low as
1 GeV2. At moderate Q2 ∼ 10 GeV2, the rise can
be quantified by F2 ∼ x
−0.2÷−0.3 and it becomes
faster at higher Q2. The observed trend is very
well described by the conventional DGLAP evolu-
tion in NLO. However this observation does not
disprove the existence of new dynamics at low x.
This is because the system is under-constrained
and a combination of unknown parton distribu-
tions with different splitting functions can mimic
the observed behavior of F2(x,Q
2). To test this
point measurements of the longitudinal structure
function FL and/or the charm contribution to F2
are essential. The existing measurements are far
too imprecise. Some indications that the kt order-
ing implied by the DGLAP evolution may not be
the full story comes from studies of the hadronic
final states.54 Another reason to look beyond the
standard evolution is that F2(x,Q
2) cannot rise in-
definitely with decreasing x without violating the
unitarity bound.
3 Diffractive Hard Scattering
Largest Gap in 
       Event
e’2Q
t
q
p
e
YY  (M  )
XX  (M  )2W
Figure 11:
Schematic representation of a DIS event with a
rapidity gap.
3.1 Inclusive DIS diffraction
One of the surprises which came along with the
first results from HERA was the observation of
DIS events with a large rapidity gap in the
hadronic final state, located between the photon
and the proton fragmentation regions 6,7 as de-
picted in figure 11. In the fragmentation picture
driven by parton radiation large rapidity gaps are
exponentially suppressed.55 The observed fraction
of events with large rapidity gaps is of the order
of 10% fairly independent of W and Q2. This
property is typical of diffractive scattering and in-
vokes the notion of the Pomeron. The fact that
the diffractive exchange can be probed with high
Q2 virtual photons means that its structure can be
studied much the same way as the partonic struc-
ture of the proton.
Diffractive events in DIS at low x were ex-
pected 56,57,58,59 long before they were observed.
There are various ways of understanding it. The
most compelling way is to think of the γ∗p interac-
tion in the rest frame of the proton. In this frame
the life time of a qq¯ fluctuation of the virtual pho-
ton can be estimated to be 60
τqq¯ ≃
1
2mpx
, (14)
where mp denotes the mass of the target proton.
At x = 10−4, cτqq¯ ≃ 10
3 fm is much larger than
the typical size of a hadronic target. The pho-
ton may thus fluctuate into a qq¯ pair long be-
fore arrival on target. The preferred configuration
is the one in which the quarks have a relatively
small transverse momentum, form a large size ob-
8
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Figure 12: xIPF
D(3)
2 as a function of xIP in bins of β and Q
2 as denoted on the figure. The full line is the result of the fit
of an incoherent sum of the IP and f meson trajectories. The dashed line corresponds to the IP contribution.
ject and the virtual photon turns into a hadronic
probe. It is thus to be expected that the γ∗p in-
teractions will be similar to hadron-hadron inter-
actions. Of course QCD introduces corrections to
the above picture, such as scaling violation or pro-
duction of large pT jets, all of which can be accom-
modated in the laboratory frame description.61,62
In this picture diffractive scattering emerges natu-
rally, as a consequence of the hadronic-like nature
of the virtual photon.
Assuming the validity of Regge factorization
for γ∗p diffractive interactions (while ignoring the
sub-leading Regge trajectories) we expect,
d2σ(γ∗p)
dtdxIP
= FIP/p(t, xIP )σ(γ
∗IP ) , (15)
where FIP/p(t, xIP ) denotes the flux of the
Pomeron in the proton, xIP is the fraction of the
proton momentum carried by the Pomeron and t
is the square of the four-momentum transfer at the
proton vertex. We may define the DIS differential
cross section (and the appropriate structure func-
tion) for producing a diffractive hadronic state X
of mass MX in the reaction ep→ epX ,
d3σD
dxIP dβdQ2
=
2piα2
βQ4
[
1 + (1 − y)2
]
F
D(3)
2 (β,Q
2, xIP ) ,
(16)
where β is defined as
β =
x
xIP
≃
Q2
M2X +Q
2
, (17)
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and an implicit integration over t is assumed
in accordance with the experimental conditions.
Should the Regge type factorization hold in the
DIS regime, one expects
F
D(3)
2 (β,Q
2, xIP ) =
1
xnIP
F IP2 (β,Q
2) , (18)
with the structure function of the Pomeron, F IP2 ,
defined by this equation. The first term stands for
the flux of the Pomeron with n = 1− 2αIP (0)+ δt,
independent of β and Q2 (δt ≃ 0.03 is a correc-
tion due to the effect of α′ in the integration over
t). Experimentally F
D(3)
2 can be defined either at
the hadronic level, by the presence of a large ra-
pidity gap between X and the final state of the
proton Y (see figure 11) which for most analyzes
remains undetected or by tagging a fast proton in
the forward spectrometer.
Tests of factorization have been conducted by
the H1 Collaboration 63 in the range 2.5 < Q2 <
65 GeV2, 0.01<β < 0.9 and 10−4<xIP < 5 ·10
−2.
As can be seen in figure 12 a change of the
xIPF
D(3)
2 dependence on xIP as a function of β
is observed. However if a fit to F
D(3)
2 is performed
assuming a contribution of both the Pomeron and
the f meson trajectories the results are consistent
with the intercepts of the two trajectories being
independent of β and Q2 as expected for Regge
factorization. The intercept of the f trajectory is
compatible with the expectations (αf ≃ 0.6) while
that of the Pomeron,
αIP (0) = 1.18± 0.02(stat)± 0.07(syst) ,
is within errors marginally higher than would be
expected for a soft Pomeron.a A similar intercept,
αIP (0) = 1.17± 0.04(stat)± 0.08(syst) ,
has been obtained by the ZEUS Collaboration in
a measurement performed with the Leading Pro-
ton Spectrometer 65 (LPS) at an average Q2 =
aThe value of αIP measured in the energy dependence
of the DIS diffractive cross section by the ZEUS Collabora-
tion64,65 has been found substantially larger than the value
from soft interactions. However recently a technical mis-
take has been found in the generation of the Monte Carlo
data used for the acceptance correction and resolution un-
folding. This mistake led to the mishandling of QED ra-
diative corrections. Its effect is to change the cross sections
by typically one systematic error. The ZEUS collabora-
tion thus has retracted their results until further analysis
is completed.
12 GeV2 for the range 0.006 < β < 0.5 and
4 · 10−4 < xIP < 3 · 10
−2. In this measurement
the scattered proton, with a fraction of the initial
proton momentum larger than 0.93, is detected
in the LPS. The advantage of detectors such as
the LPS is that the t distribution of the diffrac-
tive events can be studied. The |t| distribution
measured in the range 0.07< |t|<0.35 GeV2, cor-
rected for detector acceptance and resolution, is
presented in figure 13. Assuming an exponential
fall-off in |t|, the fitted slope is determined to be
b = 5.9 ± 1.3+1.1
−0.7 GeV
−2. This value is within
errors compatible with expectations based on the
soft Pomeron phenomenology.
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Figure 13:
The t distribution of diffractive DIS as measured
with the LPS.
The Q2 dependence in bins of β of F˜D2 =∫
F
D(3)
2 dxIP , where the integration is over 3·10
−4<
xIP < 5 · 10
−2, as determined by the H1 experi-
ment is presented in figure 14. While the β de-
pendence is very weak, the striking observation is
that at large β there is almost no Q2 dependence.
A slight rise with Q2 is evident at low β. The
structure function F˜D2 is directly proportional to
F IP2 . If Regge factorization holds, one would ex-
pect the Q2 dependence of F IP2 to be governed
by the DGLAP evolution equations. In this case
the lack of Q2 dependence at large β can only be
explained by a large gluon contribution at large
β which would compensate the expected deple-
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Figure 14:
The Q2 dependence of F˜D2 ∼ F
IP
2 in bins of β.
The lines are the result of a QCD fit with quarks
and gluons present at the starting scale of
Q20 = 2.5 GeV
2.
tion of fast quarks due to radiation. Indeed the
initial conditions needed to fulfill the NLO QCD
evolution of F IP2 , as obtained from a fit performed
by H1, favor a gluon distribution strongly peaked
at fraction of IP momentum close to unity and a
flat quark distribution. As seen in figure 15 more
than 80% of the Pomeron momentum is carried by
(hard) gluons, at least in the Q2 range available
in this study.
3.2 DIS vector meson production
Another diffractive reaction which was investi-
gated at HERA is the exclusive vector meson
(VM) production in DIS, ep→ epV . The interest
in measuring this process was generated by the cal-
culations of VM production in two-gluon exchange
models.66,67,68 Two-gluon exchange is a proto-
type for modeling the Pomeron exchange.69,70 It
turns out that for a longitudinally polarized pho-
ton perturbative QCD calculations can be applied
strictly and the applicability of the QCD factoriza-
tion theorem implies that the scattering amplitude
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Figure 15:
The fraction of the IP momentum carried by
gluons and light quarks as a function of Q2 as
determined from a QCD fit.
is proportional to the gluon distribution in the
proton.68,71 The contribution of the longitudinal
polarization is expected to dominate at large Q2,
independently of other model assumptions. Thus
in all the models, at small x
dσ
dt
∝
α2s(Q
2)
Q6
|xg(x,Q2)|2 , (19)
however the nature of the exchanged gluons in the
VM production mechanism is subject to heated
debates (for a review see 72).
Should the QCD expectations be fulfilled in
the data, hard diffractive VM production may
turn out to be the way to measure the gluon distri-
bution in the proton, to study the approach to the
unitarity limit and even to investigate the proper-
ties of the VM wave functions. There are indi-
cations that the perturbative production mecha-
nism is present. The measurements of the Q−2a
dependence of the ρ0 and J/ψ production cross
sections favor a value of a ≃ 2 with an error typ-
ically of 20%.73,74 In photoproduction the SU(4)
flavor symmetry is badly broken. In QCD one ex-
pects the SU(4) symmetry to be restored at large
Q2. This seems to be borne out by the data as
can be seen in figure 16 where the measured rates
of various VM production relative to the ρ0 are
shown at Q2 = 0 GeV2 and for higher Q2.73,74,75,76
The most spectacular is the increase of the J/ψ
to ρ0 production ratio which approaches unity at
Q2 = 20 GeV2.
Should the gluons mediating the VM produc-
tion be perturbative in nature, one expects the
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Figure 16:
Production rate of vector mesons relative to ρ0
as a function of their mass square M2V for
different values of Q2.
cross section to increase with W as the square of
the gluon distribution, that is, much faster than
for the soft Pomeron. At high Q2 the HERA
measurements are not precise enough to determine
the W dependence consistently within one exper-
iment. Relative to the NMC measurements 77 the
rise of the cross section is much stronger than
expected for non-perturbative production mech-
anisms. Also the W dependence of the J/ψ pho-
toproduction cross section is stronger than for the
soft Pomeron 78,79 and in accord with the pertur-
bative approach.67,80 A compilation of the existing
measurements of ρ0 is presented in figure 17.
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Figure 17:
The ρ0 cross section as a function of W for
different γ∗ virtualities Q2. The numbers in
parenthesis are the values of the power a of a fit
W a to the ZEUS data.
The contribution of the longitudinal photon
relative to the transverse photon, R, can be de-
termined from the polarization of the vector me-
son and assuming s-channel helicity conservation.
As expected R is increasing with Q2, as shown in
figure 18, and this increase is well reproduced by
perturbative calculations which assume hadron-
parton duality.81 The decrease of the size of the
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Figure 18:
The ratio R of longitudinal to transverse ρ0
polarization as a function of Q2 compared to
perturbative model calculations.81
interacting photon is also observed in the behav-
ior of the slope b of the t distribution. This can
be seen in figure 19 where b measured for exclu-
sive ρ0 production is plotted as a function of Q2.
The b dependence as a function of W in DIS is
compatible with α′ = 0.25 GeV−2 as in the case
of reactions mediated by the soft Pomeron (see
figure 20).
3.3 Conclusions
The intercept of the Pomeron as measured in DIS
seems higher than the one of the Pomeron medi-
ating soft interactions. At this point it is not clear
whether we are probing the same object and it
might be wiser to use the notion of an effective
Pomeron. Assuming the validity of the DGLAP
evolution for inclusive diffractive scattering, it is
found that the effective Pomeron consists mainly
of hard gluons. There are some indications that
it develops differently in exclusive processes when
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Figure 19:
The slope b of the exponential t dependence
exp(−b|t|) for ρ0 production as a function of the
photon virtuality Q2.
M2X ≪ Q
2. We may be witnessing the fact that
the Pomeron is not a universal object. However,
before this conclusion can be reached on solid
grounds more precise measurements are needed.
4 The photon structure function
The photon is probably the most interesting par-
ticle to study. It is one of the gauge particles of
the Standard Model and as such has no intrinsic
structure. However it acquires a structure in its
interactions with matter and in that sense it is a
prototype for studying the formation of a partonic
object.
The structure functions of the photon are de-
fined in DIS eγ → eX through the interaction
cross section,
d2σ
dxdQ2
=
2piα2
xQ4
[(
1 + (1− y)2
)
F γ2 − y
2F γL
]
.
(20)
In the quark-parton model the contribution to this
cross section comes from the so called box diagram
γ∗γ → qq¯. Should this be the only contribution,
the structure function of the photon could be fully
calculated in QCD. In reality the real photon can
fluctuate into partonic states and in particular into
a vector meson state. Thus the overall contribu-
tion to the cross section is more complicated. This
has also implications for the evolution equation of
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Figure 20:
The slope b of the exponential t dependence
exp(−b|t|) for ρ0 production at Q2 ≃ 10 GeV2 as
a function of W .
the photon structure function. In particular the
box contribution mentioned above introduces an
extra splitting function into the evolution equa-
tion, that of a photon splitting into a qq¯. The
latter is responsible for the fact that F γ2 (x,Q
2) is
large at large x and increases with Q2 at any value
of x.
Experimentally F γ2 is measured in e
+e− inter-
actions, by requiring that one of the electrons scat-
ters under small angles and remains undetected
(the source of the target photon) while the sec-
ond one scatters under a large angle, providing
the probing virtual photon. New data have been
presented 82,83 on the measurements of the γ∗γ in-
teractions from the LEP experiments. The OPAL
experiment82 has presented results on F γ2 with im-
proved resolution, thanks to the use of their for-
ward detectors.
The x dependence of F γ2 in bins of Q
2 is shown
in figure 21. For the sake of comparison with the
proton structure function the scale of x was chosen
logarithmic. The measurements are compared to
three different sets of parton distributions in the
photon.84,85,86 At higher x, where data are avail-
able, all the parameterizations describe F γ2 well.
The largest differences are seen at low x. This
is not unlike the parameterizations of the proton
structure function which were available before the
low x measurements at HERA. In the case of the
photon, the situation is thought to be worse since
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Figure 21:
The photon structure function F γ2 /α as a
function of x in bins of Q2 compared to the LO
GRV 84 (dashed line), GS 85 (dotted line) and
SaS 86 (full line) parameterizations of parton
distributions in the photon.
no momentum sum rule is used to constrain the
gluon distribution. However recently such a sum
rule has been derived.87
The uncertainty in the gluon distribution can
be partly minimized by the hard photoproduction
data from the HERA experiments 88 γp→ jet1 +
jet2 +X . An example of the potential of HERA
is shown in figure 22, where an effective structure
function of the photon is plotted as a function of
the transverse momentum square of the jets, for
various ranges of x of the photon.
5 Summary
The F2 structure function of the proton has been
measured with high precision in the range 10−6<
x < 1 and 0.1 < Q2 < 5000 GeV2. The DGLAP
evolution equation in NLO describes the data very
consistently and down to Q2 ≃ 1 GeV2. However
Figure 22:
Effective structure function of the photon as
measured in photoproduction of two jets with
high transverse momentum pt.
the contribution of non-conventional QCD dynam-
ics cannot be ruled out without further studies.
Hard diffractive scattering, first sign of coher-
ent phenomena in perturbative QCD, allows to
probe directly the nature of strong interactions.
It can further help to constrain the gluon distri-
bution in the proton.
With the LEP and HERA experiments mea-
suring the partonic structure of the photon we are
slowly approaching the low x regime in photon in-
duced reactions.
Given the large theoretical support and inter-
est in the low x phenomena, we should soon be
able to achieve a good understanding of QCD dy-
namics of high parton densities. One of the out-
comes will be reliable parton distributions for the
next generation colliders.
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